Background/Aims: Radiotherapy plays a critical role in lung cancer treatment. Radiation can activate transforming growth factor-β (TGF-β) signaling and induce the epithelialmesenchymal transition (EMT), which may lead to distant metastases. MicroRNAs (miRNAs) have been suggested to affect radiotherapy in lung cancer. Methods: miRNA Next-Generation Sequencing was performed to investigate the effects of irradiation on the miRNA profile of lung cancer A549 cells. The functions of identified miRNA on the radiation induced EMT and TGF-β activation in A549 cells were then explored. Protein expression was evaluated by western blotting. Immunofluorescence staining was performed to detect the localization of Snail. Luciferase Assay was used to determine the target gene regulated by the identified miRNA. Results: Radiation time-dependently induced EMT in A549 lung cancer cells as indicated by the changes of morphology, the expression of EMT marker proteins (E-cadherin, α-SMA and Vimentin) and the nuclear localization of Snail. Moreover, miR-3591-5p was identified as the most significant increased miRNA in response to radiation, and further experiments indicated that miR-3591-5p was required for radiation induced EMT and TGF-β/ Smad2/3 activation. Ubiquitin Specific Peptidase 33 (USP33) was a downstream target of miR-3591-5p as predicted by TargetScan and validated by 3' untranslated regions (UTRs) Luciferase Assay. USP33 could deubiquitinate PPM1A (protein phosphatase, Mg2+/Mn2+ dependent 1A), a phosphatase for Smad2/3.
Introduction
Lung cancer is one of the most frequent cancers worldwide. It is a leading cause of death from cancer due to the high mortality rates [1] . Lung cancer is broadly classified into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), and NSCLC accounts for 85% cases of lung cancer [2] . Much scientific advances have been made in the field of lung cancer treatment, such as surgical therapy, chemotherapy and radiotherapy, over the past few decades. The improvement in the use of these therapy has enhanced the disease-free survival of lung cancer survivors [3] . However, many challenges still remain to be overcome in lung cancer treatment. For instance, although radiation therapy plays a critical role in cancer treatment, the efficacy is limited in many cases [4, 5] . Previous researchers have observed distant metastases in many patients with locally advanced lung cancer receiving conventional radiotherapy [6] . Growing evidence has suggested that epithelial-mesenchymal transition (EMT) plays a central role in metastasis [7] . During EMT, epithelial cells undergoes morphological changes from cobblestone phonotype to elongated fibroblastic phonotype. EMT is characterized by the downregulation of epithelial molecular markers such as E-cadherin and the upregulation of mesenchymal molecular markers such as Vimentin and α-smooth muscle actin (α-SMA) [7, 8] .
Various regulatory networks and extracellular stimuli, including transforming growth factor-β (TGF-β), hypoxia and radiation [9] , have been identified to regulate EMT. In A549 lung cancer cells, radiation can induce the EMT via the activation of TGF-β signaling [10, 11] . A crucial step in TGF-β signaling is the phosphorylation and activation of Smad2/3 by TGF-β receptor. PPM1A (protein phosphatase, Mg2+/Mn2+ dependent 1A), a member of the PP2C family of serine/threonine protein phosphatase, has been reported to dephosphorylate Smad2/3 to terminate TGF-β/Smad signaling [12] [13] [14] . PPM1A overexpression abolished the antiproliferative and transcriptional responses of TGF-β [12] . Knockdown of PPM1A promoted the invasion and EMT in bladder cancer cells via the activation of TGF-β/Smad signaling pathway [14] . Several serine/threonine protein phosphatases, including PPM1D, PP1 and PHLPPL have been linked to the radiation response [15, 16] , while it is not known whether PPM1A involves in radiation response of lung cancer cells. microRNAs (miRNAs) are a class of small noncoding RNAs that function as negative regulators of gene expression at the post-transcriptional level. miRNAs interact with the 3' untranslated regions (UTR) of their target mRNAs, which leads to the degradation of target mRNAs or translational repression [17] . Target mRNAs of human miRNAs involve in tumorigenesis processes, such as cell differentiation, proliferation, apoptosis and metastasis, including lung cancer [18] [19] [20] [21] . Furthermore, expression of some miRNAs has been linked to radiotherapy in lung cancer [22] [23] [24] [25] .
In the current study, miRNA Next-Generation Sequencing was used to investigate the effects of irradiation on the miRNA profile of A549 cells. miR-3591-5p, the most significant increased miRNA in response to radiation, was found required for radiation induced EMT and TGF-β activation. Ubiquitin Specific Peptidase 33 (USP33), as a downstream of miR-3591-5p, could deubiquitinate PPM1A. Ectopic expression of USP33 or PPM1A partially abolished the effects of miR-3591-5p on EMT and TGF-β activation. Our findings demonstrate the role of miR-3591-5p/USP33/PPM1A in radiation-induced EMT via TGF-β signaling and may suggest novel radiation sensitise strategies for lung cancer. 
Materials and Methods
Cell culture and radiation treatment A549 cells (cell bank of Shanghai Biology Institute, Chinese Academy of Science; Shanghai, China) were grown in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) at 37°C with 5% CO 2 . The cells were radiation with 8 Gy of 60 Co γ-rays (Hangzhou Cancer Hospital, dose rate: 3.64 Gy/min) as previously reported [26, 27] .
Western blotting analysis
The cells were lysed in ice-cold radioimmunoprecipitation buffer (RIPA, Solarbio, Beijing, China) and clarified by centrifugation at 12, 000 g for 20 min. After separating on 10% or 15% SDS-PAGE gels, western blotting analysis was performed with primary antibodies, corresponding horseradish peroxidase-labelled secondary antibodies, and enhanced chemiluminescence substrate mixture (Millipore, Bredford, MA, USA) as previously described [27] . The experiments were repeated for three times with GAPDH as loading control. 
Immunofluorescence analysis
At 24 h or 48 h post irradiation, immunofluorescence analysis was performed on cells cultured on coverslips as previously described [27] . In brief, the cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.05% Triton X-100 for 10 min, blocked with 5% goat serum for 1 hour and probed with anti-Snail (Abcam; diluted 1:100) for 1 hour followed by Alexa Fluor®488 donkey anti-rabbit IgG antibody (Cell Signaling Technology, diluted 1:500) for 1 hour in the dark. The nuclear was stained with 4, 6-diamino-2-phenylindole (DAPI; Beyotime). Images were viewed and collected under a fluorescence microscope.
RNA extraction and next-generation sequencing
At 48 h post irradiation, total RNA was extracted from A549 cells with or without radiation treatment using TRIzol reagent (Invitrogen) as per the manufacturer's instructions. After removing any contaminating genomic DNA with DNase, small RNA library was constructed and then sequenced on Illumina HiSeq sequencing systems (Illumina, San Diego, CA, USA). Raw data were cleaned with Illumina's Genome Analyzer Pipeline software, and then aligned against microRNA database (miRBASE release 21 at http:// www.mirbase.org/). Two-tailed Student's t-test was used to analyze differences in miRNA expression levels between the radiation and control groups. Significant differences were set at fold change≥2.0 and adjusted p-value (q value) <0.05.
Quantitative RT-PCR (qRT-PCR)
Total RNA was reversed transcribed into first-strand cDNA with M-MLV Reverse Transcriptase Kit (Thermo Fisher Scientific, Rockford, IL, USA). The synthesized cDNA was used as template for qPCR analysis with SYBR Green qPCR Master Mix (Thermo Fisher Scientific) on ABI PRISM 7300 Sequence Detection System (Applied Biosystem, Foster City, CA, USA). The PCR primers are as follows: USP33, 5'-ATCTGTTGTGCCTACTACTC-3' (forward primer) and 5'-GCTCTTGTCTTCTTCCATTG-3' (reversed primer); PPM1A, 5'-ATGAGTCAGCACTGCCATAC-3' (forward primer) and 5'-CCCACTATTACCTCCAGGAATC-3' (reversed primer); GAPDH, 5'-CACCCACTCCTCCACCTTTG-3' (forward primer) and 5'-CCACCACCCTGTTGCTGTAG-3' (reversed primer). The 2−ΔΔ Ct method [28] was used to calculate the mRNA expression of target genes with GAPDH as an internal control.
miRNA-3591-5p expression was analyzed by stem-loop real-time RT-PCR with U6 RNA as an internal control. First, extracted RNA was converted into cDNAs with stem-loop reverse transcription primers (miR-3591-5p, 5'-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAAAC-3'; U6, 5'-CACCACGTTTATACGCCGGTG -3') with cDNA synthesis kit (Thermo Fisher Scientific). Second, qPCR analysis was then performed using SYBR Green qPCR Master Mix (Thermo Fisher Scientific) with miR-3591-5p
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or U6 -specific forward primer (miR-3591-5p, 5'-ACACTCCAGCTGGG TTTAGTGTGATAATGGC-3'; U6, 5'-CTCGCTTCGGCAGCACA-3') and a universal reverse primer (5'-TGGTGTCGTGGAGTCG-3').
Transfection of miR-3591-5p mimic and inhibitor
miR-3591-5p mimic (mim, 5'-UUUAGUGUGAUAAUGGCGUUUGA-3'), miR-3591-5p inhibitor (inh, 5'-UCAAACGCCAUUAUCACACUAAA-3'), control mimic (NC-mim, 5'-UUGUACUACACAAAAGUACUG-3') and control inhibitor (NC-inh, 5'-CAGUACUUUUGUGUAGUACAA-3') were synthesized by Genepharm Technologies (Shanghai, China) and transfected into A549 cells with lipofectamine 2000 reagent (Invitrogen) following the manufacturer's instructions.
Enzyme-linked immunosorbent assay (ELISA)
The culture medium were collected 8 h after irradiation and subjected to ELISA analysis as previously described [27] .
USP33 and PPM1A overexpression
The full-length human USP33 and PPM1A cDNAs were inserted into EcoRI and BamHI sites of the expression vector pLVX-puro (Clontech, Palo Alto, CA, USA) and confirmed by DNA sequencing. The recombinant lentivirus of overexpressed USP33 (USP33 OE)/ PPM1A (PPM1A OE), and control lentivirus (Vector) were prepared by transfection into 293T cells as described previously [29] .
Luciferase assay
The full-length 3'UTR of USP33 was inserted into pGL3 Vector (Promega, Madison, WI). A549 cells were co-transfected with pGL3-USP33 plasmid, pRL-CMV plasmid (Promega) and miR-3591-5p mimic/ inhibitor by using lipofectamine 2000 reagent (Invitrogen). Dual-luciferase reporter assay (Promega) was performed at 48 h post transfection. The luciferase activity was normalized to Ranilla luciferase and then to a control sample transfected with mimic control or inhibitor control.
Immunoprecipitation
The proteins were extracted from indicated cells with RIPA buffer. The cell lysate was incubated with anti-PPM1A (Cell Signaling Technology) or control IgG at 4 °C for 2 h, and then with protein A agarose beads (Roche, Indianapolis, IN, USA) at 4 °C for 1 h. The immunoprecipitated complexes were washed 3 times with RIPA buffer, boiled in sample buffer, and then subjected to western blot analysis with anti-ubiquitin (Abcam).
Statistical analysis
The data were presented as the mean ± standard deviation (SD) of three independent experiments. Statistical analysis was done using Graphpad Prism software version 6.0 (GraphPad, San Diego, CA, USA). The statistical significant differences were estimated by one-way analysis of variance (ANOVA) followed by post hoc Tukey's test. A P value less than 0.05 was considered statistically significant.
Results

Radiation induced the changes of morphology and the expression of EMT-related proteins
A549 cells were subjected to radiation and cellular morphology was observed after cultured for 24 h or 48 h. As illustrated in Fig. 1A , control A549 cells without radiation treatment (Mock) had a classical epithelial morphology, and cells with radiation treatment displayed an elongated spindle-like morphology. In addition, the effects of radiation treatment on the expression of EMT-related proteins was also assessed by western blotting. The results showed that radiation exposure caused a significant reduction in E-cadherin expression and a remarkable increase in the expression of Vimentin and a-SMA (Fig. 1B) . Snail localized in the nucleus is active to repress E-cadherin expression [8] . Further, immunofluorescence analysis was performed to assess the expression and nucleus location of Snail (Fig. 1C) . Radiation exposure remarkably enhanced the nucleus signal of Snail (green fluorescence). All the above effects of radiation were in a time-dependent manner. Our data suggested that radiation induced EMT of A549 cells.
Differentially expressed miRNAs (DEMs) in response to radiation
To investigate the effects of irradiation on the miRNA profile of A549 cells, radiationtreated A549 cells were cultured for 48 h, and RNA was extracted and then subjected to miRNA Next-Generation Sequencing. miRNAs with a fold change≥2.0, and q value <0.05 were identified as DEMs. We identified 24 significantly DEMs, including 10 up-regulations and 14 down-regulation (Table 1) , in radiation-treated cells compared with control cells. miR-3591-5p was the most significant DEMs. qRT-PCR results validated the up-regulated of miR-3591-5p in radiation-treated A549 cells (Fig. 1D) .
Functions of miR-3591-5p in radiation-treated A549 cells
To check whether miR-3591-5p involved in radiation-induced EMT, this miRNA was overexpressed and inhibited in A549 cells by transfection with mimic and inhibitor, respectively. The cells were then subjected to radiation exposure 24 h later and cultured for another 48 h. As shown in Fig. 2A , radiation-induced miR-3591-5p expression was significantly blocked by the inhibition of miR-3591-5p, and remarkably promoted by the overexpression of miR-3591-5p. Decreased expression of miR-3591-5p significantly reversed the effect of radiation on cell morphology changes (Fig. 2B ) and the expression of EMT-related protein (Fig. 2C) , while increased expression of miR-3591-5p showed the reverse effects.
Downregulation of miR-3591-5p inactivates TGF-β/Smad pathway
The TGF-β/Smad signaling pathway is an important regulator for radiation-induced EMT [10, 11] . To explore the potential molecular mechanisms how miR-3591-5p affected radiationinduced EMT, we assessed the activation of TGF-β/Smad pathway by measuring TGF-β concentrations in cultured medium and the phosphorylation of Smad2/3. As shown in Fig.  3A , irradiation caused a significant increase in the TGF-β concentrations, which was reduced by the transfection of miR-3591-5p inhibitor and increased by the transfection of miR-3591-5p mimic. The results of western blotting showed that the levels of phospho-Smad2/3 was downregulated in miR-3591-5p inhibitor-transfected A549 cells compared to that in control inhibitor-transfected A549 cells after radiation (Fig. 3B) . Reverse effects were observed in miR-3591-5p mimic-transfected A549 cells. This suggested that activation of TGF-β/Smad pathway by radiation in A549 cells was suppressed by downregulation of miR-3591-5p. 
USP33 is a potential target of miR-3591-5p
To investigate the downstream targets of miR-3591-5p, TargetScan (http://www. targetscan.org/) was used and we found that miR-3591-5p could target USP33. USP33 3' untranslational region (UTR) presented a potential binding site of miR-3591-5p (Fig. 4A) . qRT-PCR analysis showed that USP33 mRNA expression was significantly inhibited by miR-3591-5p mimic, and improved by miR-3591-5p inhibitor in A549 cells (Fig. 4B) . Further, 3'UTR luciferase assay indicated that the relative luciferase activity of USP33 3'UTR was also inhibited by miR-3591-5p mimic and enhanced by miR-3591-5p inhibitor (Fig. 4C) . These data suggested the direct interaction between miR-3591-5p and USP33 3'UTR caused the decreased expression of USP33 mRNA. 
USP33 deubiquitinates PPM1A
PPM1A can inactivate TGF-β/Smad signaling by dephosphorylating Smad2/3 [12] [13] [14] . We then explored the effects of USP33 on the expression of PPM1A in A549 cells. As shown in Fig. 5A , USP33 overexpression significantly increased PPM1A protein expression. qRT-PCR analysis showed that PPM1A mRNA expression was not affected by USP33 overexpression (Fig. 5B) . Considering that USP33 was a deubiquitinating enzyme, we speculated that PPM1A protein was a substrate of USP33 and USP33 could stabilize PPM1A. As shown in Fig. 5C , radiation treatment significantly increased PPM1A ubiquitination, which was suppressed by the ectopic expression of USP33. These data suggest that USP33 deubiquitinated and stabilized PPM1A in radiation-treated A549 cells.
Overexpression of USP33 or PPM1A blocks the effects of miR-3591-5p
To test whether USP33 and PPM1A were involved in the functions of miR-3591-5p, we overexpressed USP33 and PPM1A in A549 cells with miR-3591-5p overexpression. The protein expression of PPM1A was verified by western blot analyses (Fig. 6A) . miR-3591-5p overexpression significantly decreased E-cadherin expression, and increased the levels of Vimentin and a-SMA (Fig. 6B) , the release of TGF-β (Fig. 6C ) and the phosphorylation of Smad2/3 (Fig. 6D) . Ectopic expression of USP33 or PPM1A partially abolished the effects of miR-3591-5p on the expression of EMT-related protein and the activation of TGF-β/Smad pathway. 
Discussion
Although radiotherapy plays a crucial role in cancer treatment, many patients had relapse and distant metastases due to radioresistance [6] . Accumulated evidence has demonstrated the central role of EMT in metastasis [7] . In this study, we found that radiation time-dependently induced EMT in A549 cells as indicated by the changes of morphology and the expression of EMT marker proteins (Fig. 1) . These finding were in line with the previous study [11] .
Abnormal expression of miRNAs has been found in human cancers and miRNAs play a substantial role in the pathogenesis and prognosis of human cancers [18] [19] [20] [21] 30] . Several miRNAs has been linked to radiotherapy in lung cancer [22] [23] [24] [25] , which prompt us to investigate the effects of irradiation on the miRNA profile of A549 cells by miRNA Next-Generation Sequencing. We identified 24 significantly DEMs in radiation-treated A549 cells compared with control cells (Table 1) , many of which were previously identified to affect radiotherapy in lung cancer, such as miR-215, miR-127-3p, miR-16 [25] , let-7g [31] and miR-210 [32] , and in other types of cancers, such as miR-210 [33, 34] in hepatoma and miR-31 in esophageal cancer [35] . We also identified many additional novel miRNAs which were differentially expressed in response to irradiation, suggesting that the Next-Generation Sequencing is powerful to study expression profiling. Further experiments should be performed to elucidate the functions of these miRNAs.
miR-3591-5p was the most significant DEMs identified in our study. By performing miRNA microarray analysis or miRNA Sequencing, miR-3591-5p was identified significantly upregulated in the serum of patients with glioblastoma [36] and patients with chronic HBV infection compared to normal control [37] . However, its biological functions have not been characterized. In this study, miR-3591-5p inhibitor partially abolished the effects of radiation on morphological change, the expression of mesenchymal molecular markers (Vimentin and α-SMA) and epithelial molecular markers (E-cadherin) (Fig. 2) and the activation of TGF-β signaling (Fig. 3) . Thus, our findings suggest that miR-3591-5p is required for radiation-induced TGF-β activation and EMT process. 
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Further, we tried to explore the underlying mechanisms. USP33 was a potential target of miR-3591-5p as predicted by TargetScan. The Luciferase Assay demonstrated that the direct binding of miR-3591-5p to the 3' UTR of USP33, which decreased the mRNA expression of USP33 (Fig. 4) . The functional significance of USP33 has been investigated in breast, colon and lung cancer cells. USP33 can inhibit the migration of these cells by its deubiquitinating activity on Robo [38] [39] [40] . Here, we found that USP33 could deubiquitinate and stabilize PPM1A (Fig. 5) , which has been reported as a phosphatase for Smad2/3 [12] [13] [14] . The effects of miR-3591-5p on the expression of EMT-related protein and TGF-β/Smad signaling was partially abolished by ectopic expression of USP33 or PPM1A (Fig. 6) . Thus, we speculate that radiation up-regulated miR-3591-5p inhibited USP33 transcription, which increased the ubiquitination of PPM1A and then terminated TGF-β signaling.
Conclusion
In conclusion, the findings of our study support the significant contribution of miR-3591-5p inhibition on the suppression of radiation-induced EMT. USP33 transcription, PPM1A ubiquitination and TGF-β signaling activation is mechanistically implicated in the action of miR-3591-5p inhibition. Increasing understanding of the role of miR-3591-5p/ USP33/PPM1A in radiation-induced EMT may help to improve the efficacy treatments of radiotherapy.
Cellular Physiology
and Biochemistry Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
